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Abstract
To prevent sodium toxicity in plants, Na+ is excluded from the cytosol to the apoplast or the vacuole by Na+/H+ antiporters. The secondary active
transport of Na+ to apoplast against its electrochemical gradient is driven by plasma membrane H+-ATPases that hydrolyze ATP and pump H+ across
the plasma membrane. Current methods to determine Na+ flux rely either on the use of Na-isotopes (22Na) which require special working permission
or sophisticated equipment or on indirect methods estimating changes in the H+ gradient due to H+-ATPase in the presence or absence of Na+ by pH-
sensitive probes. To date, there are no methods that can directly quantify H+-ATPase-dependent Na+ transport in plasma membrane vesicles. We
developed a method to measure bidirectional H+-ATPase-dependent Na+ transport in isolated membrane vesicle systems using atomic absorption
spectrometry (AAS). The experiments were performed using plasma membrane-enriched vesicles isolated by aqueous two-phase partitioning from
leaves of Populus tomentosa. Since most of the plasma membrane vesicles have a sealed right-side-out orientation after repeated aqueous two-phase
partitioning, the ATP-binding sites of H+-ATPases are exposed towards inner side. Leaky vesicles were preloadedwith Na+ sealed for the study of H+-
ATPase-dependent Na+ transport. Our data implicate that Na+ movement across vesicle membranes is highly dependent on H+-ATPase activity
requiring ATP and Mg2+ and displays optimum rates of 2.50 μMNa+ mg−1 membrane protein min−1 at pH 6.5 and 25 °C. In this study, for the first
time, we establish new protocols for the preparation of sealed preloaded right-side-out vesicles for the study of H+-ATPase-dependent Na+ transport.
The results demonstrate that the Na+ content of various types of plasma membrane vesicle can be directly quantified by AAS, and the results
measured using AAS method were consistent with those determined by the previous established fluorescence probe method. The method is a
convenient system for the study of bidirectional H+-ATPase-dependent Na+ transport with membrane vesicles.
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In higher plants, especially salt-sensitive glycophytes,
cytoplasmic sodium is toxic above threshold levels [1,2].
Therefore, maintaining a low cytoplasmic Na+ concentration is
an essential strategy for growth in a saline environment [1,3].
One way to maintain low sodium concentrations is to extrude
Na+ from the cell using Na+/H+ antiporters located in theAbbreviations: SR, sealed right-side-out; LR, leaked right-side-out; SI,
sealed inside-out; LI, leaked inside-out; SRP, sealed preloaded-right-side-out
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doi:10.1016/j.bbamem.2007.06.028plasma membrane [4–8]. Extrusion of Na+ from cells is a
secondary active process, since Na+ is transported against its
gradient driven by a pH gradient established by plasma
membrane H+-ATPase [3,9–14].
In the context of salt stress, Na+ transport, and its
quantification in living cells, is of great interest. Recent
advances in the development of fluorescent dyes [15–17],
patch-clamping [18,19], NMR technologies [20,21], X-ray
microanalysis [22–24], microelectrodes [25,26] and utilization
of radioactive 22Na+ isotopes [27] have allowed researchers to
investigate the movement of Na+ in living cells. At isolated
plasma membrane, Na+ transport has been assayed only in
sealed inside-out vesicles using radioactive 22Na+ or fluores-
cence probes [2,6,11,12,28–30].
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studies, with several advantages over intact organelles [31]. For
example, isolated vesicles can be loaded with fluorescent
probes, allowing continuous fluorometric measurement of
substrate and ion transport [5,32,33]. Another advantage is
that the pH and ion contents of the intravesicular and external
incubation media can be easily manipulated, a procedure
commonly used to study ion transport mechanisms [34,35].
Also, the direction of transport processes can be characterized in
detail, because either sealed right-side-out or sealed inside-out
vesicles can be prepared [36–39]. Since plasma membrane-
bound H+-ATPases play a crucial role in Na+ transport
quantification of Na+ transport by the consumption of ATP
using isolated plasma membrane vesicles is of great interest. At
present, however, no suitable method is available to quantify
ATPase-dependent Na+ transport in isolated plasma membrane
vesicles.
The aim of our investigation was to develop a method for
quantification of H+-ATPase-dependent Na+ transport in
plasma membrane vesicles. Our previous studies addressed
the role of plasma membrane H+-ATPase in stress tolerance
[14,40]. Poplar species are important for re-forestation and
restoration of polluted and saline soils in China. Since Populus
tomentosa is a fast-growing species with high yield, analysis of
mechanism of salt tolerance is of great interest. In the present
study, we developed a system for isolation and purification of
plasma membrane vesicles from leaves of P. tomentosa (about
3 mg membrane protein per 100 g leaves). In these vesicles we
characterized H+-ATPase activity dependent Na+ transport by
using atomic absorption spectrometry (AAS).Scheme2. Materials and methods
2.1. Plant material
P. tomentosa (Carr.) has been grown under ambient conditions on the
campus of Beijing Forestry University for approximately 10 years. Young leaves
were collected in October 2004 and immediately used for plasma membrane
isolation.
2.2. Plasma membrane isolation and purification
Plasma membrane vesicles were prepared from the P. tomentosa leaves using
aqueous two-phase partitioning as previously described [36,37]. All procedures
were carried out at 4 °C. The resulting plasma membrane pellets were
immediately frozen in liquid nitrogen and stored at −80 °C until further use.
2.3. Preparation of various types of vesicles
2.3.1. Sealed right-side-out vesicle preparation
Sealed right-side-out vesicles were prepared as previously described [36,37].
Vesicles stored at −80 °C were thawed at 20 °C. The thawed vesicles (5 mg
protein in 0.8 mL) were added to a phase mixture (7.2 g) [6.0% (w/w)
polyethylene glycol (PEG 3350), 6% (w/w) Dextran T500, 250 mM sucrose,
5 mM phosphate buffer (pH 7.8), and 5 mM KCl]. After centrifugation at
5000×g for 5 min, the upper phase, rich in sealed right-side-out vesicles, was
removed and transferred to a fresh lower phase, mixed, and centrifuged again.
To purify the sealed right-side-out vesicles, the procedure was repeated three
times. The resulting pellets were gently re-suspended in 1 mL suspension buffer
[5 mM 2-(N-morpholino)ethanesulphonic acid (MES)/Tris (pH 6.5), 250 mM
sucrose, 1 mM DTT], and immediately used for H+-ATPase activity
measurements. Sealed right-side-out vesicles are shown in Scheme 1A.
2.3.2. Sealed inside-out vesicle preparation
Almost 100% sealed inside-out vesicles can be obtained from preparations
containing mostly sealed right-side-out vesicles by simply including 0.05% Brij1.
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out vesicles were added to the incubation medium [5 mM MES/Tris (pH 6.5),
250 mM sucrose, 100 mM KCl, 50 mM KNO3, 1 mM (NH4)2MoO4, 0.05%
(w/v) Brij 58], and equilibrated at 25 °C for 10 min. Sealed inside-out vesicles
are shown in Scheme 1B.
2.3.3. Leaky right-side-out and leaky inside-out vesicle preparation
Low levels of Triton X-100 have been shown to effectively produce holes in
membrane vesicles without changing their orientation, so that the incubation
medium can flow across the vesicles freely [35,41]. To prepare leaky right-side-
out or leaky inside-out vesicles, sealed right-side-out vesicles were incubated in
leakage medium [5 mM MES/Tris (pH 6.5), 250 mM sucrose, 100 mM KCl,
50 mM KNO3, 1 mM (NH4)2MoO4, 0.02% (w/v) Triton X-100] or above
medium containing 0.05% (w/v) Brij 58, respectively. They were shaken for 30 s
and equilibrated at 25 °C for 10 min. Subsequently, ATPase activity and H+-
ATPase-dependent Na+ transport were determined. Leaky right-side-out and
leaky inside-out vesicles are shown in Scheme 1C and D.
2.3.4. Medium and Na+ sealed preloaded right-side-out vesicle preparation
To prepare sealed preloaded right-side-out vesicles, sealed right-side-out
vesicles were re-suspended in leakage medium [250 mM sucrose, 5 mM
MgSO4, 50 mM KCl, 50 mM KNO3, 1 mM (NH4)2MoO4, 0.02% (w/v) Triton
X-100, 30 mMMES /Tris (pH 6.5)] and preloaded with various ratios of ATP to
NaCl: 0:50 (0 mMATP+50 mMNaCl); 5:50 (5 mMATP+50 mMNaCl); 50:50
(50 mM ATP+50 mM NaCl); 50:5 (50 mM ATP+5 mM NaCl ); 50:0 (50 mM
ATP+0 mM NaCl); and 0:0 (0 mM ATP+0 mM NaCl).
The preloaded vesicles were shaken for 30 s. Following re-suspension, they
were immediately centrifuged at 100,000×g for 30 min. The vesicles were then
taken up in a medium containing all of the components listed above except
0.02% (w/v) Triton X-100, centrifuged at 100,000×g for 30 min, and re-
suspended in suspension buffer [30 mM MES/Tris (pH 6.5), 250 mM sucrose,
50 mM KCl]. All procedures were carried out at 4 °C. The re-suspended
preloaded vesicles were immediately used for determination of H+-ATPase
activity and Na+ movement across the plasma membrane. Sealed preloaded
right-side-out vesicles are shown in Scheme 2.
2.4. Plasma membrane H+-ATPase activity assay and quantitative
sodium determination
ATP hydrolytic and proton pumping activity and H+-coupled Na+ exchange
assay were carried out as previously described [11,35].
To measure Na+ movement across the sealed preloaded right-side-out
vesicles, ca. 100 μL of ice-cold vesicle suspension (corresponding to 100 μg
membrane protein) were added to 5 mL of 25 °C preheated incubation medium
[5 mM MES/Tris (pH 6.5), 250 mM sucrose, 100 mM KCl, 50 mM KNO3,
1 mM (NH4)2MoO4, 50 mM NaCl] and incubated at 25 °C for 20 min. The
reaction was stopped with 70 mL ice-cold rinse solution [5 mM MES/Tris
(pH 6.5), 250 mM sucrose, 50 mM KNO3, 1 mM (NH4)2MoO4, 20 μM
carbonylcyanide-m-chlorophenyl hydrazaone (CCCP)] and centrifuged imme-
diately. The vesicles were centrifuged, re-suspended, and rinsed three times with
rinse solution. Subsequently, the rinse solutions and the pellets were collected
for quantitative Na+ analysis.SchemeThe same procedure was used to determine Na+ movement across other
kinds of vesicles. However, the incubation medium included 0.05% (w/v) Brij
58 for sealed inside-out vesicles, 0.02% (w/v) Triton X-100 for leaky right-side-
out vesicles, and 0.02% (w/v) Triton X-100 and 0.05% (w/v) Brij 58 for leaky
inside-out vesicles.
Na+ was quantified by AAS (Shimadzu, Kyoto, Japan). The collected
vesicles were added to 5 mL of a HNO3/HClO4 (5:1) solution. They were then
heated at 300 °C until white smoke became visible. Finally, the digestion
solution was diluted in 5 mL of distilled water for Na+ measurement.
2.5. Protein quantification
Protein content was determined by the dye-binding method using bovine
serum albumin as a standard, as previously described [42].
2.6. Data analysis
Significant differences between treatments were determined using Student’s
t test. Variation is indicated by ±SD.3. Results
3.1. Purity, sidedness, and orientation of prepared vesicles
3.1.1. Effects of different inhibitors on H+-ATPase hydrolytic
activity
Na+ is transported across membranes by exchange for H+
ions involving Na+/H+ antiporters [4–8]. Although this is a
passive process driven by the transmembrane electrochemical
gradient, it can be regarded as a secondary active process,
because it relies on the proton gradient established by the
operation of membrane localized H+-ATPases. The establish-
ment of the proton gradient is dependent on substrate
accessibility and vesicle sidedness. Therefore, H+-ATPase-
dependent Na+ transport may occur in both sealed inside-out
and sealed preloaded right-side-out vesicles. To compare Na+
transport between sealed inside-out and sealed preloaded right-
side-out vesicles, leaky right-side-out and leaky inside-out
vesicles were prepared. Before starting the H+-ATPase-depen-
dent Na+ transport assay, we first estimated the purity,
orientation, and sidedness of the prepared vesicles by determin-
ing their H+-ATPase hydrolytic and H+-pumping activity.
For Na+ transport assays, plasma membrane vesicles were
isolated and purified from leaves of P. tomentosa using aqueous
two-phase partitioning. To prepare sealed right-side-out vesi-
cles, the aqueous two-phase partitioning was repeated. Since the2.
Table 1
Effects of different inhibitors on H+-ATPase hydrolytic activity
Inhibitor (mM)+Brij 58 (%)
(w/v) or inhibitor (mM)+Triton
X-100 (%) (w/v)
Hydrolytic activity
(nM Pi min
−1 mg−1
protein)
Relative
activity
(%)
Remarks
Inhibitor (0 mM)+
Brij 58 (0.05%)
494.69±12.94B 100.00 Basic
activities
Na3VO4 (1 mM)+
Brij 58 (0.05%)
20.28±3.24A 4.10 P-ATPase
inhibition
KNO3 (50 mM)+
Brij 58 (0.05%)
483.04±22.72B 97.64 V-ATPase
inhibition
NaN3 (1 mM)+
Brij 58 (0.05%)
487.63±20.73B 98.57 F-ATPase
inhibition
(NH4)2MO4 (0.1 mM)+
Brij 58 (0.05%)
488.28±17.77B 98.70 Phosphatase
inhibition
Inhibitors such as NaN3, KNO3, and (NH4)2MO4 were added to the incubation
medium to assess contamination with endoplasmic membrane and soluble
phosphate enzymes. Azide- and nitrate-sensitive ATPase hydrolytic activities
were measured at pH 7.5. Vanadate-sensitive ATPase activity was measured at
pH 6.5. Changes due to the inhibitor in ATPase hydrolytic activity of membrane
vesicles was calculated based on the activity of the boiled–membrane control at
each assay pH. Values are means five replicates ±SD. Significant differences for
P≤0.01 are marked by different letters.
Fig. 1. H+-ATP-dependent proton pumping activity measured in plasma
membrane vesicles using acridine orange (AO) as a pH probe. Δ pH was
established by the activity of the plasma membrane H+-ATPase and was
measured as a decrease (quench) in the fluorescence of the pH-sensitive probe
acridine orange. Assays (1 mL) contained: 5 μM acridine orange, 5 mM ATP,
250 mM sucrose, 5 mM MgSO4, 50 mM KCl, 50 mM KNO3, 1 mM
(NH4)2MoO4, 30 mMMES /Tris (pH 6.5) and 50 μg plasma membrane protein.
Reactions were illuminated at 495 nm and acridine orange fluorescence was
monitored at 525 nm. A protonophore, 20 μM CCCP was added after 4 min.
One representative experiment of five replicates is shown. Each replicate
experiment was performed using independent membrane preparations. SPR:
sealed preloaded right-side-out; SI: sealed inside-out; SR: sealed right side out;
LI: leaky inside-out; LR: leaky right-side-out.
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out vesicles, the purity and quality of the latter were very
important. To determine their purity, H+-ATPase hydrolytic
activity was assayed in the absence and presence of a number of
inhibitors. H+-ATPase hydrolytic activity was reduced by about
96% in the presence of 1 mM vanadate (Na3VO4), an inhibitor
of plasma membrane H+-ATPase (Table 1). In contrast, H+-
ATPase hydrolytic activity showed negligible sensitivity to
azide (NaN3,) an inhibitor of mitochondrial ATPase, nitrate
(KNO3), an inhibitor of vacuolar ATPases, and molybdate
((NH4)2MO4), an inhibitor of nonspecific phosphatases (Table
1). These results demonstrate that the preparations were rich in
plasma membrane vesicles without any significant contamina-
tion from other cellular membranes.
3.1.2. ATP-dependent proton pumping activity assay for five
types of vesicle
In order to study the proton pumping competence and
vesicular sidedness, the fluorescence dye acridine orange (AO)
was used to follow pH changes, and the results are shown in Fig.
1. Rapid quenching of acridine orange fluorescence was
observed when ATP/Mg2+ was added to the sealed inside-out
vesicles (SI), which eventually reached a constant level, and the
established pH gradient completely collapsed after addition of
the protonophor CCCP. The substrate binding-sites of plasma
membrane H+-ATPase are normally directed towards the
cytoplasm, so the pH gradient was formed in the sealed
inside-out vesicles. In contrast, only minor fluorescence
quenching was detected in sealed right-side-out (SR), leaky
right-side-out (LR), leaky inside-out (LI) and sealed preloaded
right-side-out (SPR) vesicles, respectively. In SR vesicles the
ion-binding sites of H+-ATPase are directed to the inner side,
limiting the access of substrate, therefore, no pH gradient was
established. The formation of pH gradient also depends on the
sidedness of the vesicles, thus, no quenching was observed inLR or LI vesicles. In SPR vesicles H+ was pumped out of the
vesicles leading to alkalinization of the inner space, which is not
detectable by fluorescence dye AO.
3.1.3. H+-ATPase hydrolytic activity of sealed preloaded
right-side-out vesicles
The pH gradient of sealed preloaded right-side-out vesicles
cannot be demonstrated using AO as a probe. To test the
orientation and sidedness of these vesicles, the phosphatase
activity of H+-ATPasewas determined in assays in the absence or
presence of 0.05% Brij 58 and 0.02% Triton X-100, respectively
[43]. Brij 58 and Triton X-100 have been shown to effectively
produce sealed inside-out or leaky vesicles [35,38,40]. As a
consequence, in both cases the active site of H+-ATPase can be
attained by the assaymedium, andH+-ATPase hydrolytic activity
can be measured. As shown in Table 2, in the absence of Brij 58
and Triton X-100, the relative activity was only about 5%, while
the relative activity increased to over 98% in the presence of
0.02%TritonX-100 or 0.05%Brij 58, indicating that the vesicles
were mostly sealed right-side-out. These data indicate that SPR
vesicles can create a pH gradient (Fig. 1, Table 2).
3.2. Effects of temperature on proton pumping in sealed
inside-out vesicles
H+-ATPase activity was determined by measuring proton
pumping activity at various temperatures (Fig. 2). No quenching
of AO was detected in the vesicles when the incubation
temperature was below 10 °C or above 50 °C. In contrast, there
was a slow increase of quenching at incubation temperatures of
10−20 °C. Fluorescence quenching increased rapidly as the
Fig. 3. Na+ content of four different types of vesicle after time-course incubation
(A) and analysis of H+-coupled Na+ exchange activity using pH probe (B). In
panel A, after the measurements were completed, the vesicles were centrifuged,
re-suspended, and rinsed three times. The remaining material was collected and
used for Na+ analysis. Values are means of five replicates ±SD; In panel B,
reaction mixes and assay conditions were as described in the legend to Fig. 1.
After formation of pH gradient, NaCl (50 mM) was added to initiate Na+/H+
exchange activity (dissipation of pH gradient). One representative experiment of
five replicates is shown. Each replicate experiment was performed using
independent membrane preparations.
Table 2
H+-ATPase hydrolytic activity of sealed preloaded right-side-out vesicles
Vesicles types+detergent
(%) (w/v)
Hydrolytic activity
(nM Pi min
−1 mg−1
protein)
Relative
activity
(%)
Comments
SR vesicles+
Brij 58 (0.05%)
494.69±12.94B 100.00 Basic
activities
SPR vesicles+
detergent (0%)
22.25±4.06A 4.50 Without
detergent
SPR vesicles+
Brij 58 (0.05%)
493.04±25.26B 99.67 Evaluation
orientation
SPR vesicles+
Triton X-100 (0.02%)
489.52±22.93B 98.95 Evaluation
sidedness
The vesicles were prepared as described above. H+-ATPase hydrolytic activity
of membrane vesicles was calculated based on the activity of the boiled-
membrane control at pH 6.5. Values are means of five replicates ±SD.
Significant differences for P≤0.01 are marked by different letters.
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temperature exceeded 30 °C, the quenching slowed down again.
Also, in previous method measuring of proton pumping activity
was usually incubated at 25 °C (11). Therefore, 25 °C was
selected as the optimum incubation temperature in the H+-
ATPase-dependent Na+ transport assay.
3.3. Na+ transport in four different types of plasma membrane
vesicle
SR, SI, LR, and LI vesicles were used to determine H+-
ATPase-dependent Na+ transport. The Na+ content of leaky
right-side-out and leaky inside-out vesicles did not change
significantly within 20 min (Fig. 3A). Because these vesicles
were leaky, a pH gradient could not be established. As a result,
secondary active Na+ transport was not possible. However, the
leaky vesicles still contained about 27 μg Na+ (per 100 μg
membrane protein) that could not be rinsed off. This may be due
to ionic binding to membrane proteins. Interestingly, the Na+
content of the sealed preloaded right-side-out vesicles decreased
by approximately 40% within the same period of time showingFig. 2. Effect of incubation temperature on H+-ATP-dependent proton pumping
activity measured in sealed inside-out vesicles using acridine orange (AO) as a
pH probe. Reaction mixes and assay conditions were as described in the legend
to Fig. 1. Values are means of five replicates ±SD.that export took place. In contrast to SPR vesicles, a strong
increase in Na+ was observed in sealed inside-out vesicles (Fig.
3A); within 20 min, values were almost 100% higher than those
measured in the control vesicles. These data indicate that Na+
can be extruded via the plasma membrane of P. tomemtosa leaf
cells, maintaining a low Na+ concentration in the cytoplasm.
Changes in Na+ content were more obvious in the sealed inside-
out vesicles than in the sealed preloaded right-side-out vesicles
(Fig. 3A). This is most likely to be due to the availability of
ATP. For the sealed inside-out vesicle assay, there was sufficient
ATP in the incubation medium, resulting in high H+-ATPase
activity and high Na+ concentrations in the vesicles. In contrast,
ATP availability was restricted in the sealed preloaded right-
side-out vesicles assay, resulting in restricted Na+ transport.
Taken together, these results demonstrate that ATP-dependent
Na+ transport can be quantified using AAS in isolated plasma
membrane vesicles. To evaluate our developed method, an
established method (the fluorescence probe AO) was used to
estimate Na+ transport activity in the four different vesicles.
Similar results are observed in Fig. 3B, but Na+ transport in PRS
Fig. 4. Na+ levels in sealed preloaded right-side-out vesicles loaded with
different ratios of ATP and Na+ of 0 mM ATP+50 mM NaCl (●), 5 mM ATP
+50 mM NaCl (○), 50 mM ATP+50 mM NaCl (▾), 50 mM ATP+5 mM NaCl
(∇), 50 mM ATP+0 mM NaCl (▪) and 0 mM ATP+0 mM NaCl (□). The
vesicles were washed three times. Following centrifugation, the pellets were
collected for Na+ analysis. Values are means of five replicates ±SD.
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quantified using the method of fluorescence probe.
3.4. Na+ concentration in the rinse solution and vesicles
To evaluate the medium in contact with the surface of the
vesicles, the Na+ content of the rinse solution was examined.
Table 3 indicates a high Na+ concentration in the rinse solution
after a single rinse. After rinsing a second time, the Na+
concentration was already negligible. In contrast, much higher
Na+ concentrations were found in the four different kinds of
vesicle (Fig. 3A). These results demonstrate that only the Na+ in
the vesicles was measured, with no significant contamination
from the medium following two washings.
3.5. Na+ transport across sealed preloaded right-side-out
vesicles
Changes in Na+ content were lower after incubation in sealed
preloaded right-side-out vesicles than in sealed inside-out
vesicles (Fig. 3A). This could be attributable to the depletion
of ATP in the preloaded vesicles, resulting in inactivation of H+-
ATPase. To investigate whether Na+ transport depended on ATP,
sealed preloaded right-side-out vesicles were examined with
different ratios of ATP and Na+. The Na+ content of vesicles
loaded with 50 mMATP+50 mMNa+ decreased within the first
4 min, then reaching a relatively stable level just above that of
vesicles without ATP and Na+ (Fig. 4). A slight decrease was
seen in vesicles loaded with 5 mM ATP+50 mM Na+ or 50 mM
ATP+5 mM Na+. In contrast, there was no change in vesicles
loaded with 0 mMATP+50 mMNa+, 50 mMATP+0 mMNa+,
or 0 mMATP+0 mMNa+. This indicates that Na+ transport was
dependent on the presence of ATP.
3.6. Na+ transport in preloaded right-side-out vesicles loaded
with or without Mg2+ and in inside-out vesicles in the presence
or absence of Mg2+
Plasma membrane H+-ATPase is Mg2+ dependent; therefore,
Mg2+ was added to the incubation medium. Measurement of
Na+ transport in the presence and absence of Mg2+ may alsoTable 3
Na+ concentrations (μg mL−1) in rinse solution and vesicles after 20 min
incubation
Type of
vesicle
Rinses Na+ concentration
in vesicles
1st 2nd 3rd
SPR vesicles 102.38±6.15B 1.04±0.42A 0.83±0.34A 281.70±19.35C
SI vesicles 108.02±9.34B 0.70±0.39A 0.14±0.17A 550.00±23.82D
LI vesicles 108.71±8.01B 1.06±0.41A 0.48±0.33A 275.30±18.36C
LR vesicles 105.36±7.40B 0.98±0.38A 0.56±0.34A 278.90±13.58C
The same amount (100 μg protein, 100 μL) of vesicles was used in all
experiments. The four different types of vesicle were rinsed three times and Na+
measured. Subsequently, the Na+ concentration was determined by AAS. Values
are means of five replicates ±SD. Significant differences are marked for
P≤0.01 by different letters.
SPR: sealed preloaded right-side-out; SI: sealed inside-out; LI: leaky inside-out;
LR: leaky right-side-out.provide evidence as to whether H+-ATPase participated in the
Na+ exchange. The sealed preloaded right-side-out vesicle
assay revealed that Na+ was excluded from the vesicles in the
presence of Mg2+ during incubation at 25 °C for 20 min.
However, the Na+ contents were almost unaffected when the
vesicles were treated with 0.02% (w/v) Triton X-100 and
incubated (20 min at 25 °C) or not. In contrast, the presence or
absence of Mg2+ had no significant impact on the Na+
concentration of leaky right-side-out vesicles (Fig. 5A),
regardless of incubation conditions. The Na+ content of vesicles
treated with 0.02% (w/v) Triton X-100 was higher than that of
vesicles given the same treatment including Mg2+. Another
approach to determine whether H+-ATPase-dependent Na+
transport requires Mg2+ is to use sealed inside-out vesicles. As
can be seen in Fig. 5B-2, Mg2+ in the assay medium had a
strong influence on Na+ accumulation in sealed inside-out
vesicles after incubation. However, the Na+ contents were
almost unaffected when the vesicles were treated with
0.02% (w/v) Triton X-100, regardless of the incubation
conditions. Absence of Mg2+ had no significant impact on the
Na+ levels (Fig. 5B). These results provide evidence that Na+
transport was dependent on plasma membrane-bound H+-
ATPase activity and the presence of Mg2+ in the assay medium.
3.7. Na+ transport in leaky and intact right side and inside out
vesicles in the presence or absence of vanadate
A characteristic feature of plasma membrane H+-ATPases is
their sensitivity to the inhibitor vanadate. To evaluate the
relationship between Na+ transport and enzyme activity, Na+
levels were measured in different vesicle types in the presence
or absence of vanadate in the assay medium after 20 min
incubation at 25 °C or immediately (without incubation).
When vanadate was absent, Na+ was excluded from the
sealed preloaded-right-side-out vesicles after incubation (Fig. 6).
In the presence of vanadate in the inner space of sealed preloaded
right-side-out vesicles, there was no difference between
Fig. 6. Na+ levels in four different types of vesicle after the treatment of without
vanadate as well as without incubation ( ), without vanadate as well as with
incubation ( ), with vanadate as well as without incubation ( ) and with vanadate
as well as with incubation ( ) (20 min at 25 °C) (20 min at 25 °C). All
measurements were performed after the vesicles had been washed three times.
Values are means of five replicates ±SD. Significant differences are marked for
P≤0.05 by different letters.
Fig. 5. Na+ levels in preloaded right-side-out vesicles preloaded with 50 mM
ATP+50 mM Na+ in the presence or absence of Mg2+ (A) and in inside-out
vesicles in the presence or absence of Mg2+ in the assay medium (B). (1) Na+ in
the vesicles without incubation; (2) Na+ in the vesicles incubation at 25 °C for
20 min; (3) Na+ in the vesicles without incubation, treated with 0.02% (w/v)
Triton X-100; (4) Na+ in the vesicles incubation at 25 °C for 20 min, treated with
0.02% (w/v) Triton X-100. All measurements were performed after the vesicles
had been washed three times. Values are means of five replicates ±SD.
Significant differences are marked for P≤0.05 by different letters.
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the sealed inside-out vesicles, in which Na+ accumulated
following incubation and in the absence of vanadate in the
assay medium (Fig. 6). No difference was detected before and
after incubation in the inside-out vesicles in the presence of
vanadate. In contrast, the Na+ levels were almost the same in the
leaky right-side-out and leaky inside-out vesicles before and
after incubation. This was independent of the presence or
absence of vanadate in the incubation medium. These data
support that Na+ transport of plasma membrane vesicles was
dependent on the proton gradient established by H+-ATPase.
3.8. Effects of temperature on Na+ transport in sealed
inside-out vesicles
The above experiments were conducted at 25 °C. To
determine the effect of incubation temperature on Na+ transport,
the Na+ content was measured at various temperatures (Fig. 7A).
No changes of Na+ content were found in the vesicles when the
incubation temperature was 5 °C, 45 °C, or 55 °C. In contrast,there was a slow increase of Na+ content at 15 °C. Na+ content
increased rapidly when the temperature was 25 °C or 35 °C. Our
measurements indicate that the incubation temperature played an
important role in Na+ transport across the vesicles. A strong
correlation was found between Na+ level and plasma membrane
H+-ATPase activity at various temperatures (Figs. 2, 7A). These
results provide further evidence that Na+ transport was
dependent on plasma membrane-bound H+-ATPase activity.
To estimate Na+ movement, the change of Na+ content in the
vesicles assayed at 25 °C was transformed into the rate of Na+
transport within a period of time incubation (Fig. 7B). The data
implicate that Na+ movement across vesicle membranes displays
optimum rates of 2.50 μM Na+ mg−1 membrane protein min−1
from the period of 1 to 2min. The rate of Na+ transport decreased
quickly after 2min during the time-course incubation. But at first
1 min of incubation the rate of Na+ transport is not optimum. The
reason for this may be that Na+ transport depends on its
electrochemical gradient is driven by plasma membrane H+-
ATPases that hydrolyze ATP and pump H+ across the plasma
membrane. Further, Na+ transport across the sealed inside-out
vesicles was evaluated using fluorescence probe, from the results
showed in Fig. 7C, the fluorescence probe were consistent with
those determined by the AAS method.
3.9. Effects of assay solution pH on Na+ transportation in
sealed inside-out vesicles
For Na+ transport studies, all of the above experiments were
performed at pH 6.5. To evaluate the effect of pH on Na+
transport, the Na+ content was determined at various pH values.
pH had a strong influence on Na+ accumulation in sealed inside-
out vesicles (Fig. 8A). When the pH of the assay solution was
6.5, a large increase was seen in sealed inside-out vesicles in the
presence of ATP. However, when the incubation pH was 4.5 or
8.5, no change in Na+ content was measured between vesicles in
presence or absence of ATP.
Fig. 8. Analysis of Na+ transport at various pHs in sealed inside-out vesicles by
using atomic absorption spectrometry (AAS) (A) and pH probe (B). The assay
solution pH was 4.5, 6.5, or 8.5. In panel A, all measurements were performed
after the vesicles had beenwashed three times. Values are means of five replicates
±SD. Significant differences are marked for P≤0.05 by different letters. In panel
B, reactionmixes and assay conditions were as described in the legend to Fig. 3B.
Fig. 7. Na+ content of sealed inside-out vesicles after time-course incubation at
various temperatures of 5 °C (●), 15 °C (○), 25 °C (▾), 35 °C (∇), 45 °C (▪)
and 55 °C (□) (A), rate of Na+ transport during a period of time incubation at
25 °C (B) and analysis of H+-coupled Na+ exchange activity using pH probe (C).
In panel B, data shown in panel A (assayed at 25 °C) were transformed to
determine the rate of Na+ transport (μM Na+ mg−1 protein min−1). All
measurements were performed after the vesicles had been washed three times.
Values are means of five replicates ±SD. Significant differences are marked for
P≤0.05 by different letters. In panel C, reaction mixes and assay conditions
were as described in the legend to Fig. 3B.
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incubation medium played an important role in Na+ transport in
sealed inside-out vesicles (Fig. 8A). To verify whether there was
a correlation between pH and Na+ transport, an established
method (the fluorescence probe AO) was used to estimate Na+
transport activity in sealed inside-out vesicles. When the pH ofthe assay solution was 6.5, after initiation of H+-pumping by
adding ATP, there was rapid quenching in sealed inside-out
vesicles. Once Ä pH reached a steady state, addition of Na+ led
to dissipation of Δ pH in the vesicles, demonstrating H+-
coupled Na+ transport (Na+/H+ exchange) across the plasma
membrane vesicles (Fig. 8B). In contrast, when the assay
solution pH was 4.5 or 8.5, only minor quenching of AO was
measured in the vesicles and no H+-coupled Na+ dissipation
was observed. These results using the fluorescence probe were
consistent with those determined by the AAS method.
3.10. Determination of Na+ transport in plasma membrane
vesicles of Populus euphratica using AAS method
The present experiments showed that Na+ determination by
AAS is a feasible method for the measurement of H+-ATPase-
dependent Na+ transport across plasma membrane vesicles of
P. tomentosa. To investigate whether this method can be used to
determine Na+ transport in other plant species, sealed preloaded
right-side-out and sealed inside-out vesicles of P. euphratica
were prepared. As shown in Fig. 9, similar results as found for
P. tomentosa were observed with the P. euphratica vesicles.
Fig. 10. Na+ standard curve. Standard solutions of 0, 5, 10, 15, 20, 25, and
30 μg mL−1 were prepared. Measurements were performed at λ=589 nm
using AAS. Values are means of five replicates ±SD.
Fig. 9. Analysis of Na+ transportation in plasma membrane vesicles from
Populus euphratica. All measurements were performed after the vesicles had
been washed three times. Values are means of five replicates ±SD. Significant
differences are marked for P≤0.05 by different letters.
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the sealed inside-out vesicles, while Na+ content was decreased
in the sealed preloaded right-side-out vesicles. These results
show that this method could useful for investigating Na+
transport across plant plasma membrane vesicles.
3.11. Na+ standard curve
Standard samples of Na+ were prepared by diluting the
stock solution with distilled water to 5, 10, 15, 20, 25 and
30 μg mL−1. A standard curve was produced on each sample
analysis using linear equation against Na+ concentration. The
standard curve was linear (r2N0.9987) over the working range
of 0–30 μg mL−1, resulting in a correlation coefficient of
N0.99 (Fig. 10). In this range Na+ concentrations of sample
can be used to determine sodium content. A 0- to 30-μg mL−1
concentration of sodium ion was prepared in our assay as an
external control.
4. Discussion
In the present study, we established conditions for quanti-
fication of H+-ATPase-dependent Na+ transport across plasma
membrane vesicles using AAS. In addition, we showed that this
technique is suitable for examining both sealed preloaded right-
side-out and sealed inside-out vesicles. This method allows us,
for the first time, to directly quantify the Na+ content of sealed
preloaded right-side-out plasma membrane vesicles.
In this study, we establish new protocols for the preparation
of sealed preloaded right-side-out vesicles. This system has
several advantages, including control of the buffer components
on both sides of the membrane and the analysis of Na+
movement crossing the membrane. Using vesicles after few,
rapid washing steps AAS is suitable for quantification of H+-
ATPase-dependent Na+ transport (Figs. 3A, 4, 5A, 6, 7A).
Acridine orange, an established fluorescence probe for
detection of pH changes, was used to measure plasma
membrane Na+/H+-exchange activity and indirectly estimate
Na+ transport, based on H+ gradient changes between vesicle
membranes in presence or absence of Na+ [9,35,44]. AlthoughNa+-induced dissipation of the proton gradient (Na+/H+
exchange) could be used to estimate Na+ transport, it just
provides information on relative changes in the ions (Na+ and
H+) being transported in sealed inside-out vesicles (Figs. 3B,
7C, 8B). Furthermore, fluorescence probes are not suitable for
measuring Na+ transport in sealed preloaded right-side-out
vesicles. The reason for this may be that fluorescence quenching
has been shown to depend on intravesicular acidification
[45,46]. H+ was pumped out of the sealed preloaded right-side-
out vesicles causing alkalinization of the intravesicular space.
As a result, the pH gradient cannot be measured by the
fluorescence probe method. Radioactive 22Na+ can also be used
to measure unidirectional flux across plasma membrane
vesicles. However, this method can only be employed in
laboratories with special permission and, thus, is not widely
available.
Once Na+ has entered the cytoplasm, a low Na+ concentra-
tion can only maintained, if Na+ is extruded from the cytoplasm
[1,3]. Na+ efflux was demonstrated in intact Escherichia coli by
23Na nuclear magnetic resonance [47]. Using radioactively
labeled 22Na+, Na+ has been shown to accumulate in sealed
inside-out plasma membrane vesicles [28,30,48]. Using our
AAS method or previous established pH probe method, similar
results were found, demonstrating Na+ accumulation in sealed
inside-out vesicles of P. tomentosa leaf cells (Figs. 3, 5B, 6).
The studies of sealed preloaded right-side-out vesicles are
further evidence that Na+ was excluded from the cytoplasm
(Figs. 3A, 4, 5A, 6).
Na+ exclusion requires an electrochemical gradient estab-
lished by plasma membrane H+-ATPase [3,10]. The character-
istic features of plasma membrane H+-ATPase are Mg2+ and
ATP dependence, and vanadate sensitivity [49–51]. In the
present study, we clearly demonstrate that Na+ transport across
the plasma membrane vesicles was dependent on the presence
of Mg2+ and ATP in the assay medium (Figs. 4, 5A and B). Our
results are consistent with those of Del and Robinson [28], who
obtained similar data with sealed right-side-out plasma
membrane vesicles from guinea-pig small intestinal epithelial
cells using 22Na+. Comparable results have been found in
normal-sidedness vesicles from Streptococcus faecalis [52].
2087Y. Yang et al. / Biochimica et Biophysica Acta 1768 (2007) 2078–2088The present study demonstrates that H+-ATPase-dependent
Na+ transport in plasma membrane vesicles can be quantified by
AAS. Moreover, we believe that this system could be useful for
studying other ion transport processes in vesicles and may
therefore be of great interest for a wide variety of applications,
e.g. to compare the Na-exclusion in salt tolerant and sensitive
plant species.
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